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Abstract: Nitrogen-based fertilizers represent the most common fertilization tools, particularly used
in crop food agriculture, despite the low cost-efficiency and the high negative environmental impact.
At present, there is still inadequate information available about the effects of urea on human health;
nevertheless, previous studies in animals observed that high urea concentration exposure can damage
different tissues, including the brain. In several vertebrates, a crucial factor involved in neuronal
cell formation is represented by the gas molecule, nitric oxide (NO), derived from the conversion
of arginine to citrulline through the enzymatic activity of nitric oxide synthases (NOS). In zebrafish,
three different isoforms of the NOS gene are known: nos1, nos2a, and nos2b. In the present study we
show that nos1 represents the unique isoform with a stable high expression in the brain and spinal
cord during all the embryonic stages of zebrafish development. Then, by using a specific transgenic
zebrafish line, Tg(HuC:GFP), to mark neuronal cells, we observed nos1 to be specifically expressed in
neurons. Interestingly, we observed that urea exposure at sub-lethal doses affected cell proliferation
and the number of nos1-expressing cells, inducing apoptosis. Consistently, brain NO levels were
observed to be reduced in urea-treated animals compared to untreated ones. This finding represents
the first evidence that urea exposure affects the expression of a key gene involved in neuronal cell
formation during embryonic development.

Keywords: urea; fertilizer; environmental exposure; fish; aquatic model; nos1; nos2a; nos2b; neuron;
NO production

1. Introduction

Urea represents the most abundant nitrogen (N)-based fertilizer used in agriculture [1].
Since 1970, the use of urea has increased exponentially such that it accounts for more than
50% of current global N-based fertilizer applications [2]. However, nitrogen fertilization,
and in particular urea-based fertilization, requires high costs and has a strong impact on
groundwater pollution, due to ammonia emissions [3]. In Europe, ammonia emissions
strongly contribute to fine particulate matter (PM2.5) pollution and are associated with
damage to the ozone layer and low-biomass ecosystems [4]. The National Emission Ceilings
Directive 2016/2284/EU has set an obligation for all European Union countries to reduce
their NH3 emissions by 6%, relative to 2005, by 2020 [5,6]. Nowadays, several artificial urease
inhibitors have been developed, such as N-(n-butyl) thiophosphoric triamide (NBPT) [7].
These compounds block the enzymatic activity of ureases, responsible for urea hydrolyzation
into volatile ammonium [8–10]. However, the residuals of these chemicals found in food (e.g.,
milk) have become an “alarm bell” regarding the potential risks for human health [11,12].
At the present day, there is still inadequate, and sometimes controversial, evidence about
whether exposure to high exogenous urea concentrations represents a hazard for human
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health [13]. The main impact has been underlined at respiratory levels. In several Asian
countries, indeed, urea plant workers, strongly exposed to ammonia emissions, are reported to
develop acute respiratory symptoms (cough) and chest tightness [14–16]. In animals, different
studies have reported urea toxicity to be related to exposure time and mode, and that the
organs more greatly affected are the kidneys and liver [17–19]. Nevertheless, according to
the EPA, exogenous urea exposure can exert huge effects also at the central level. Chronic
administration of urea toxin in rodents, indeed, was observed to cause neuronal loss, seizures,
lethargy, jerking movements, and stimulus-sensitive myoclonus [20]. Our previous studies,
performed in developing and adult zebrafish (Danio rerio), demonstrated that exposure to
waterborne urea affects fish’s olfactory system, as it causes olfactory epithelium thickening
and neuron number decrease [21]. However, the specific mechanisms through which urea
toxicity induces neuronal loss has not yet been clarified.

Nitric oxide (NO) is a gaseous signal molecule, synthesized by different isoforms of NO
synthase (NOS) [22]. In mammals, three different genes encode for three different NOSs (1
or neural, 2 or inducible, and 3 or endothelial). By contrast, in the teleost fish genome, one
NOS1 gene and two NOS2 genes (NOS2a and NOS2b) have been characterized; the former
encodes for the orthologue form of mammalian neural NOS (nNOS) [23–25]. Multiple studies
underline a crucial role of NO both in the early stages (neurogenesis) and in advanced stages
(synaptogenesis and neural map formation) of neuronal differentiation [26]. In humans, the
alteration of cerebral NO metabolism has been associated with neuropathological conditions,
such as schizophrenia [27]. Considering the key role of NO in regulating neural precursor
proliferation, an altered NO pathway seems to be the basis for neural tumor expansion and
neurodegenerative disorders [28–30]. In rodents, it was demonstrated that NO increases the
proliferation of neural stem cells (NSCs) and the number of neuroblasts following seizures,
but detrimental to the survival of newborn neurons, probably because it participates in
neuro-inflammation establishment [31]. Subsequent studies allowed, then, the deciphering of
the role of NO-producing enzymes (NOS) in neurogenesis. Neural NOS knock-out (nNOS
KO) rats, indeed, were observed to display reduced infarct size and increased neurogenesis
after transient focal cerebral ischemia compared to wild-type littermates [32]. Afterwards,
an interesting report clarified that nNOS from neural stem cells (NCSs) and from neurons
play opposite roles in regulating neurogenesis, as the former stimulates it, whereas the latter
represses it by supplying exogenous NO and by reducing nNOS expression in NSCs [33]. For
this reason, also in humans, several reports have demonstrated the importance of nNOS in a
variety of synaptic signaling events at the basis of learning, memory, and neurogenesis [34].

Based on our previous evidence [21] and given the key role of NO and NOS in
neuronal cell formation and function, in the present studies we want to investigate, in
zebrafish embryos, whether exogenous urea might exert its damaging effects on the brain
by impacting on nos gene expression and NO production.

2. Materials and Methods
2.1. Zebrafish Husbandry

AB* zebrafish strains, along with transgenic strain Tg(HuC:GFP) [35], were kept in a
14/10 h light/dark cycle at 28 ◦C. Only fertilized eggs with normal development were used
for the experiments. All the experiments were performed in triplicate. All fish were housed
according to FELASA and European guidelines. No ethical authorization was required as
all experiments were performed in larvae before 5 days post-fertilization (dpf). All possible
efforts were made to comply with 3R guidelines.

2.2. Urea Treatment

Embryos were obtained as described previously [36,37], were dechorionized, and then,
treated from 4 to 96 h post-fertilization (hpf) with different urea concentrations (0, 10, 50,
100 mM) dissolved in E3 zebrafish medium (34.8 g of NaCl, 1.6 g of KCl, 5.8 g of CaCl2,
2H2O, 9.78 g of MgCl2, 6H2O) in standard housing conditions to define the survival rate and
morphology defects. Urea concentrations were chosen based on our previous studies [21].
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2.3. RNA Purification and Reverse Transcription

In order to obtain the total RNA, 30 zebrafish embryo heads at 24, 48, 72, 96, and
120 hpf, respectively, were dissected and pooled. Dissociation was performed by using
RLT buffer employing the RNAeasy kit (Qiagen, Frankfurt, Germany), according to the
manufacturer’s protocol. This procedure was repeated in three independent experiments
(90 embryos in total for each time point). For reverse transcription, 0.5 µg of the total
RNA was incubated with buffer and an enzyme mix for 10 min at 25 ◦C, 30 min at 50 ◦C,
and 5 min at 85 ◦C., according to the Superscript III First-Strand Synthesis System kit
instructions (Invitrogen, Boston, MA, USA). Next, the samples were treated with RNase-H
for 30 min at 37 ◦C and stored at −20 ◦C.

2.4. Quantitative Real-Time PCR

A quantitative polymerase chain reaction (qPCR) was performed by using a thermocy-
cler with a MyiQ detector (Bio-Rad, Hercules, Dallas, TX, USA). cDNA obtained from a
previous procedure was incubated with specific forward and reverse primers, SYBR-Green
(Bio-Rad Hercules, Dallas, TX, USA), and RNase free water according to the manufacturer’s
protocol. A PCR mix was incubated for 15 min at 95 ◦C, for 15 s at 95 ◦C for 40 cycles; for
30 s at 60 ◦C for 40 cycles; and for 30 s at 72 ◦C for 40 cycles. We used forward and reverse
primers which were validated and published in previous studies, and the primers are listed
below (Table 1).

Table 1. qPCR primers.

ef1a-QF CTACCTACCCTCCTCTTGGT
ef1a-QR CTTCTGTGCAGACTTTGTGA
nos1-QF TTGGATAGTGCCACCCATGT
nos1-QR GCGTCCCATTCACTCCTTTC
nos2a-QF TGGAGAAATGCGCCAAGATG
noa2a-QR CCGTTGGTGGCATACTTCAG
nos2b-QF TGGCTCTCGGATGTATCCAC
nos2b-QR CAGCTCATCTCCCTCTCCTG
pcna-QF CAAGGAGGATGAAGCGGTAACA
pcna-QR CTGCGGACATGCTAAGTGTG

Data are represented as the fold change in target mRNA levels for the ef1a normalizer
gene. The absolute quantification was calculated using 2−∆∆Ct. To confirm the correct
amplification, melting curve analysis was performed, and PCR efficiency was verified. In
the qPCR analyses, each n represents the average of biological triplicates from a single
experiment. The experiments were repeated at least three times.

2.5. Synthesis of Riboprobes for NOS1, NOS2a, and NOS2b

All digoxigenin (DIG)-labeled antisense and sense riboprobes were generated using
the protocol described in our previous studies [38,39]. Briefly, nos1, nos2a, and nos2b
riboprobes for zebrafish were synthetized by using the following primers (Table 2).

After PCR amplification from fish brains, each insert was cloned in TOPO-TA vector
(Invitrogen, Boston, MA, USA) and amplified via transformation into thermocompetent
bacteria. After applying heat shock, the bacteria were plated onto Luria–Bertani (LB) agar
plates containing the appropriate antibiotic, in order to select only the transformed cells.
The bacterial colonies were picked from the agar plates and inoculated in LB medium
containing the specific antibiotic. The bacteria were grown for 16 h in an orbital rotator at
37 ◦C. Subsequently, plasmid DNA was purified by using the Quick Plasmid Miniprep Kit
(Invitrogen, Boston, MA, USA) according to the manufacturer’s instructions. Antisense
and sense orientation of DNA was confirmed by using sequencing, and the plasmids were
linearized by the appropriate restriction enzymes. Afterwards, DNA transcription was
performed by using T7 polymerase and SP6 polymerase (Roche-Diagnostic, Barrington,
IL, USA), and the DIG-RNA Labelling Mix (Roche Diagnostic, Indianapolis, IN, USA).
Finally, all riboprobes were purified using NucleoSpin RNA Clean-up columns (Qiagen,
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Frankfurt, Germany). Reaction specificity was checked by hybridizing the sense and
antisense riboprobes on adjacent sections.

Table 2. Primers for in situ probes.

nos1-F CGCTCACAAACCAGATGAAG
nos1-R GCTGCATACAGATCTCTGTAAG
nos2a-F CCAGGACTCACTTCATCACA
nos2a-R CCATCTGATAGCCAGCATACT
nos2b-F CGTGCCATCAAGATGTGTTAC
nos2b-R TAGCCAGCGTATCGTATGAG
pcna-F CCTTAAGAAGGTCCTGGAG
pcna-R CCACACAACTGTATTCCTGCTC

2.6. In Situ Hybridization

After specific riboprobe synthesis, 20 embryos for each stage and condition were fixed
in 4% paraformaldehyde (PFA) overnight at 4 ◦C. After 24 h, fixed embryos were washed
using PBT and methanol (serial concentrations). The embryos were, then, immersed in PBT
and incubated with proteinase K (2 mg/mL) at RT for 10 min. Afterwards, embryos were
washed in PBS and standard saline sodium citrate (SSC 2×) 2 times for 10 min each. Next,
embryos were incubated with the probes (2 µg/mL) diluted in a specific medium (Denhart
5×; SSC 2×; 50% formamide; ethylenediamine-tetra acetic acid 4 mM; 5% dextran sulphate;
yeast tRNA 50 µg/mL) at 63 ◦C for 24 h. After 24 h, the embryos were washed with SSC
2×; 50% formamide/SSC 2×; SSC 0.2× and SSC 0.1×. The embryos were immersed in a
buffer of 100 mM Tris-HCl plus 150 mM NaCl, and washed in the same buffer containing
0.5% milk powder plus 0.1% Triton. For chromogenic revelation, during the following 48 h,
all embryos were incubated with anti-digoxigenin alkaline phosphatase Fab fragments
(1:5000) (Roche Diagnostic, Chicago, IL, USA) overnight at room temperature [40]. After
24 h, all embryos were washed in Tris-HCl/NaCl buffer and with 110 mM HCl-Tris (pH 8)
containing 10 mM MgCl2 and 100 mM NaCl. Staining was performed using NBT/BCIP
buffer (pH 9.5) (ThermoFischer, Waltham, MA, USA). For fluorescence revelation, all
embryos were immersed in anti-DIG POD antibody (Roche Diagnostic, Chicago, IL, USA)
(1:200) in the above-described blocking solution for 24 h at room temperature. Next,
embryos were washed 4 times in PBS (5 min each). Afterwards, embryos were visualized
using the Red Fluorescent Detection set (Roche Diagnostic, Chicago, IL, USA) according
to the kit’s instructions. Mounted with DAPI, embryos were observed using an Olympus
(Zeiss, Jena, Germany) fluorescence microscope, equipped with a DP71 digital camera, or
with a Leica (Leica Microsystems, Wetzlar, Germany) SP2 confocal microscope. The images
were processed using either the Olympus Cell Zeiss AxioVision 4 or Leica LAS Xsoftware.

2.7. Immunofluorescence Staining for Anti-GFP

Immunofluorescence staining combined with whole-mount in situ hybridization was
performed as described previously. Hu:GFP transgenic embryos were fixed and stained
with chicken anti-GFP (1:400; Life Technologies, Carlsbad, CA, USA) for 24 hpf, and
alexaFluor488-conjugated anti-chicken secondary antibody (1:1000; Life Technologies).

2.8. In Situ Hybridization Combined with TUNEL Assay on Paraffin Section

Paraffin sections of the heads of embryos at 4 dpf (non-treated and treated with urea
50 mM) were processed to perform in situ hybridization for nos1, and for fluorescence
revelation (in green), the sections were incubated for 1 h in a buffer for amplification
(PerkinElmer company, Life Sciences, Boston, MA, USA). For the reaction, Cy3 tyramide
(TSA plus Cyanine 3, PerkinElmer company, Life Sciences, Boston, MA, USA) reagent
was prepared 1:100 in amplification buffer and Alexa-Fluor 488 reagent (TSA Reagent,
Alexa Fluor 488 Tyramide Reagent, Invitrogen™, Boston, MA, USA). Next, the signal was
checked using a fluorescence microscope, and the sections were fixed for 10 min in 2%
paraformaldehyde. Next, the sections were incubated with 90 µL of labeling solution plus
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10 µL of enzyme solution (In Situ Cell Death Detection Kit, Roche) at RT for 1 h. They were
washed three times with PBS for 5 min and mounted by using DAPI. Finally, the images
were examined via confocal microscopy.

2.9. Diaminofluorescein-FM Diacetate (DAF-FM DA)

Embryos (15 in each group) at 4 hpf were treated with urea (50 mM) in E3 medium
until 96 hpf. Embryos (15 in each group) at 95 hpf were treated with LPS (10 µg/mL)
(Sigma-Aldrich, St. Louis, MO, USA) in E3 medium for 1 h. At 96 hpf, LPS and urea-
treated embryos (and untreated groups) were incubated with 4-amino-5-methylamino-
2′7′-difluorofluorescein diacetate (DAF-FM DA) 5 µM in E3 medium for 2 h at 28 ◦C in
dark conditions. After incubation, embryos were rinsed in E3 medium and observed using
a fluorescence microscope in vivo. The relative fluorescence intensity was measured by
counting the number of pixels using Image J Open JDK 13.0.6 software.

2.10. Statistical Analysis

The results were analyzed using the GraphPad Prism 9.4.1 software (GraphPad Inc.,
San Diego, CA, USA); statistical comparison was performed via two-tailed Student’s t test
(unpaired data) or via one-way ANOVA (multiple comparison—Tukey–Kramer post hoc
test). p values equal or less than 0.05 were considered statistically significant.

3. Results
3.1. Quantitative Analysis of NOS Genes during Brain Development in Zebrafish Embryos

Previous phylogenetic and transcriptomic studies have identified three NOS genes
expressed in zebrafish: nos1, nos2a, and nos2b [41]. In order to identify the expression levels
of the NOS gene family during different stages of development in zebrafish embryos, firstly,
we performed qPCR analysis (Figure 1a). We found that nos1 is the most expressed gene
in the brain for each developmental stage (24; 48; 72; 96 hpf); by contrast, nos2a and nos2b
displayed very low expression at 24 and 48 hpf with a slight increase at 72 and 96 hpf
(Figure 1b).

Environments 2024, 11, x FOR PEER REVIEW  6  of  18 
 

 

 

Figure 1. Analysis of NOS gene expression by qPCR. (a) Experimental outline of qPCR experiments 

at different stages of embryonic brain development (24; 48; 72 and 96 hpf). A pool of 30 heads was 

used for each group. (b) qPCR analysis of NOS gene family: nos1, nos2a, and nos2b. The gene, nos1, 

was the most expressed during brain development  in zebrafish embryos, compared to nos2a and 

nos2b (** p < 0.001; *** p < 0.0001; ns: not-significant). All results are represented as the means ± SD 

of three independent experiments. 

3.2. Spatiotemporal Expression Pattern of nos1, nos2a, and nos2b Genes during Embryonic 

Development in Zebrafish 

Subsequently, we performed whole-mount in situ hybridization (WISH) at different 

stages of development in zebrafish embryos, in order to identify the expression pattern of 

three NOS gene  isoforms. As  shown  in Figure  2,  the nos1 gene was highly  expressed 

within the brain and eyes at all stages of development (24, 48, 72, and 96 hpf) and in a few 

cells along  the spinal cord at 24 and 48 hpf. By contrast, nos2a and nos2b displayed no 

expression  in the brain at 24 hpf, followed by a  low expression between 48 and 72 hpf 

(Figure 2). At 96 hpf, nos2a expression seemed to translocate in the liver region, while nos2b 

presented a low expression pattern in the eyes and liver regions (Figure 2). 

Figure 1. Analysis of NOS gene expression by qPCR. (a) Experimental outline of qPCR experiments
at different stages of embryonic brain development (24; 48; 72 and 96 hpf). A pool of 30 heads was



Environments 2024, 11, 41 6 of 17

used for each group. (b) qPCR analysis of NOS gene family: nos1, nos2a, and nos2b. The gene, nos1,
was the most expressed during brain development in zebrafish embryos, compared to nos2a and
nos2b (** p < 0.001; *** p < 0.0001; ns: not-significant). All results are represented as the means ± SD of
three independent experiments.

3.2. Spatiotemporal Expression Pattern of nos1, nos2a, and nos2b Genes during Embryonic
Development in Zebrafish

Subsequently, we performed whole-mount in situ hybridization (WISH) at different
stages of development in zebrafish embryos, in order to identify the expression pattern of
three NOS gene isoforms. As shown in Figure 2, the nos1 gene was highly expressed within
the brain and eyes at all stages of development (24, 48, 72, and 96 hpf) and in a few cells
along the spinal cord at 24 and 48 hpf. By contrast, nos2a and nos2b displayed no expression
in the brain at 24 hpf, followed by a low expression between 48 and 72 hpf (Figure 2). At
96 hpf, nos2a expression seemed to translocate in the liver region, while nos2b presented a
low expression pattern in the eyes and liver regions (Figure 2).
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Figure 2. Whole-mount in situ hybridization and chromogenic revelation for nos1, nos2a, and nos2b
genes at different stages of zebrafish embryonic development (24, 48, 72, and 96 hpf). Expression of
nos1 is high in the brain and eyes at all stages of development.

3.3. Nos1 Gene Is Specifically Expressed in Neuronal Cells during Zebrafish
Embryonic Development

Based on previous results, nos1 was the most expressed gene of the NOS family in the
brain. However, to verify whether this gene was specifically expressed in neuronal cells, we
used a transgenic reporter zebrafish line, Tg(HuC:GFP), that marks newborn neuronal cells.
Thus, we performed whole-mount fluorescence in situ hybridization for nos1 combined
with immunohistochemistry for anti-GFP on HuC:GFP-positive embryos, fixed at 30 hpf.
As shown in Figure 3, nos1 is expressed in the brain and along the spinal cord (Figure 3a).
Nos1-expressing cells in the brain and spinal cord were specifically co-expressed with the
GFP+ cells of HuC:GFP embryos (Figure 3b,c). These results confirm that nos1 is a specific
neuronal marker during zebrafish embryonic development.
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Figure 3. Fluorescence whole-mount in situ hybridization for nos1 combined with immunohistochem-
istry to detect anti-GFP in HuC:GFP embryos at 30 hpf. (a) Fluorescence WISH for nos1, rectangles
indicate respectively head and spinal cord. (b) Fluorescence WISH for nos1 (red), combined with
immunohistochemistry to detect anti-GFP (green) in the heads of HuC:GFP embryos. (c) Fluorescence
WISH for nos1 (red), combined with immunohistochemistry to detect anti-GFP (green) in the spinal
cord of HuC:GFP embryos, with zoom of spinal cord region (within the rectangle box, white arrows
indicate co-expressed cells).
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3.4. Urea Toxicity Monitoring in Zebrafish Embryos

Subsequently, to test whether urea exposure might affect nos1 expression in embryonic
neurons, at 1 hpf, 160 embryos were collected, and at 4 hpf those treated with water-
dissolved urea at different concentrations (0, 10, 50, 100 mM) up to 96 hpf, respectively
(Figure 4a). Embryo survival was monitored every 24 h. The survival rate is reported as
the percentage of dead fish at 96 hpf compared to the control (untreated) group. As shown
in Figure 4, we observed a significant decrease in the survival of embryos treated with a
high concentration of urea (100 mM), while urea concentrations of 10 and 50 mM did not
affect embryo survival (Figure 4b).
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In parallel, we performed a morphological evaluation and, consistently with our
previous result, embryos exposed to high-dose urea (100 mM) displayed tail defects just
at 24 hpf (Figure 5). Considering that no significant differences in survival rates and
morphological features were observed among groups exposed to 10 and 50 mM, we
arbitrarily decided to use only one concentration (50 mM) of urea for the next experiments.
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3.5. Urea Exposure Affects Neuronal nos1 Expression during Development in Zebrafish Embryos

Finally, in order to evaluate the impact of urea on nos1 expression, embryos were
treated with urea (50 mM) and then fixed at different time-points (24, 48, 72, and 96 hpf). As
shown in Figure 6, fluorescence WISH at 24 hpf showed a significant decrease in nos1 gene
expression in the brain (dorsal view of the head) from urea-treated embryos, compared to
control ones.
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Neuronal nos1 expression was observed to be reduced also at 48 (Figure 7a) and 72 hpf
(Figure 7b).
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Figure 7. (a) Fluorescence WISH for nos1 and DAPI in control and urea-treated embryos at 48 hpf
(dorsal view of head). (b) Fluorescence WISH for nos1 and DAPI in control and urea-treated embryos
at 72 hpf (dorsal view of head).

This decrease in nos1-expressing cells was maintained also at 96 hpf, as shown in
Figure 8.
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3.6. Effects of Urea Treatment on Proliferation, Cell Death and NO Production in
Zebrafish Embryos

To evaluate whether the effects of urea treatment on nos1 expression might impact
cell proliferation, we performed WISH and qPCR analysis of pcna gene levels (proliferative
marker). As shown in Supplementary Figure S1, we observed a decrease in pcna expression
levels in the hindbrain region of urea-treated embryos at 4 dpf, compared to untreated
fish (Supplementary Figure S1a,b). By contrast, TUNEL experiments on paraffin sections
of embryonic brain at 4 dpf showed that urea treatment led to a significant decrease in
nos1-expressing cells and an increase in TUNEL positive cells (Figure 9a–c), suggesting that
this agent induces neuron apoptosis.

Then, we evaluated the effect of urea exposure on NO production via DAF-FM DA
staining. To induce stress-related NO intracellular production, we provided an inflamma-
tory stimulus, by treating embryos (15 per group) with low doses of LPS (as reported in
previous studies [42]). As shown in the figure, we observed a strong increase in DAF-FM
DA signaling after LPS treatment, compared to untreated controls and urea-treated animals;
however, co-treatment of embryos with urea and LPS displayed a significant decrease in
NO production (Figure 10a,b).
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Figure 9. (a) Fluorescence ISH for nos1, TUNEL staining and DAPI in control and urea-treated
embryos at 96 hpf (paraffin section of brain from embryos). (b) Statistical analysis (unpaired t test) of
nos1-expressing cell number was calculated based on average of three paraffin sections obtained from
10 urea-treated heads and 10 non-treated heads (** p < 0.001). (c) Statistical analysis (unpaired t test)
of TUNEL positive cell number was calculated based on average of three paraffin sections obtained
from 10 urea-treated heads and 10 non-treated heads (*** p < 0.0001).
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with LPS (to stimulate NO production). The intracellular NO production levels were observed via
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Statistical analysis was performed by one-way ANOVA (multiple comparison—Tukey–Kramer post
hoc test) using calculations from a total of 15 embryos (** p < 0.001; *** p < 0.0001; ns: not significant).

4. Discussion

In the last few years, the misuse of agricultural fertilizers has undoubtedly raised many
questions within the scientific community about the potential unbalancing between the
benefits for food production and the hazards for human health. With particular reference
to urea-based fertilizers, these chemicals are synthesized and used on a large scale, despite
their efficiency being well below 50% and them leading to huge ecological problems,
mainly due to ammonium emissions [43]. At present, the studies regarding the dangerous
effects of high levels of urea exposure are still ambiguous and not sufficiently extensive.
Most information has been provided by epidemiological association studies performed in
South Asian countries, which are the largest consumers of urea fertilizers for crop food
agriculture [4]. On the other hand, the availability of animal models of human diseases
has allowed in-depth investigation of the organs and tissues mainly affected by high urea
concentrations. In particular, zebrafish (Danio rerio) has just been previously observed to be
an excellent in vivo tool to study the dangerous neuronal impact of hyperammonaemia
related to high levels of urea exposure [44]. Our recent studies performed in adult and
developing zebrafish also observed that exposure to sub-lethal doses of urea hugely impact
the olfactory neuron number [21]. However, the specific mechanisms by which urea induces
neuronal loss have not yet been clarified. In many vertebrates, one of the main protagonists
of neuronal formation and correct functionality is the NO gas molecule [45,46], produced
from the conversion of arginine to citrulline [47], through the enzymatic activity of a specific
isoform of nitric oxide synthase defined as “neuronal” (nNOS), as it is mainly expressed by
neuronal tissue [48–50]. In zebrafish, the NOS family encompasses three isoforms: NOS1,
NOS2a, and NOS2b [51,52]. In this study, we showed that within zebrafish brain, nos1
gene expression is stably higher than that of nos2a and nos2b during the early stages of
development, from to 24 hpf to 96 hpf. This observation seems to agree with previous
evidence in ray-finned fish, where the expression pattern of NOS1 has been described to
be dynamic during development. Studies of whole-mount in situ hybridization in fish
embryos showed that at 24 h post-fertilization (hpf) nos1-positive cells are highly present
in dorsal telencephalon and in pallium, which represent the main neurogenesis regions
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of developing fish; then, at 72 hpf, nos1 expression appears also in the olfactory bulbs,
mesencephalon, cerebellum, and rhombencephalon, while at 5 days post-fertilization (dpf),
nos1 signal spreads in different areas within the forebrain [53].

The availability of a transgenic zebrafish model, expressing a marker reporter (GFP)
exclusively within the naïve neurons, allowed us to specifically localize nos1 expression
in these brain cell types. Thus, it is conceivable to hypothesize a key role of this NOS
isoform in the early phases of neuron formation which are related to correct brain functions.
Consistently, previous neurophysiology studies observed severe alterations of animal
behaviour in NOS1 knock-out zebrafish models [54]. In consideration of our previous
studies, which underlined the deleterious effect of chronic urea exposure on neuronal
cell number [21], we wonder whether this agent might have an impact on NOS1 and NO
production. Interestingly, we observed that urea treatment of zebrafish embryos results in a
severe decrease in nos1 expression, that is stable during all stages of embryo development.
Consistently, brain NO production induced by stressful stimulus, was inhibited by urea
treatment. The effects of urea on NO production have been widely observed both in vitro
and in vivo; urea and NO metabolic cycles, indeed, are strongly intertwined, as they
share substrates, enzymes, and transporters, including argininosuccinic acid synthase and
argininosuccinic acid lyase [55,56]. Indeed, clinical studies in subjects affected by congenital
urea cycle enzyme defects, which pathologically accumulate urea in the body, showed
reducing circulating NO levels [57]. However, very scant literature exists concerning the
effect of high urea concentration on nitric oxide synthase expression. Some in vitro studies,
in the mouse macrophage cell line, observed that urea treatment is able to inhibit NO
production, by reducing inducible NOS expression [58]. Nevertheless, according to present
knowledge, no previous evidence underlines an effect of urea exposure on neuronal NOS
(nos1) expression in the developing brain. Interestingly and consistently with these results,
chronic urea treatment leads to increased apoptosis of nos1-expressing cells in the brains of
embryos, accompanied by decreased cell proliferation. All these observations represent
the very first evidence, in a teleost in vivo model, of urea chronic exposure effects on nos1
expression, which might suggest a key mechanism through which urea exposure results in
neuronal death. Despite further investigation being needed to better elucidate this link,
this study uncovered a potential molecular feature at the basis of neuronal impairments
resulting from urea toxicity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments11030041/s1, Figure S1: (a) Dorsal view of heads,
fluorescence WISH for pcna in embryos non-treated and treated with urea at 96hpf. (b) qPCR for
pcna in the heads of embryos non-treated and treated with urea.
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